ABSTRACT: This study examines the possibility of replacing partially or totally the di(2-ethylhexyl) phthalate (DEHP -low molecular plasticizer) from the poly(vinyl chloride) (PVC) compositions intended for medical devices, with poly("-caprolactone) (PCL -biodegradable, biocompatible, and macromolecular plasticizer). Nine different plasticized PVC (PVC-P) compositions are analyzed from the viewpoint of thermal and mechanical properties, plasticizer loss, and extraction behavior in different medical media. After comparing the experimental results with the data from the literature, corresponding to traditional PVC-P, it can be concluded that the PCL and even PCL-DEHP mixture behave as better plasticizers for PVC, providing a lower extraction risk and similar or even improved thermal and mechanical properties.
INTRODUCTION P
OLY(VINYL CHLORIDE) (PVC) is a linear, thermoplastic, substantially amorphous polymer, with huge commercial interest due to the accessibility to basic raw materials and its properties [1] .
When plasticized, PVC presents some interesting properties (flexibility, strength, transparency, kink resistance, scratch resistance, wide range of gas permeability, biocompatibility, ease of bonding with common solvents or adhesives, and stability from gamma, ethylene oxide or E-beam sterilization) that allowed it to be widely accepted for use in flexible medical products (infusion, dialysis, blood, urine, and secretion bags; blood tubing for hemodialysis, endotracheal tubes, intravenous solution dispersion set, catheters, contact lenses, gloves as well as for drug product storage and packaging). In addition, many other PVC medical devices have passed critical toxicological, biological, and physiological tests [2] [3] [4] [5] .
From the large number of plasticizers that can be used for plasticizing PVC, the class of phthalic acid esters, mainly di(2-ethylhexyl) phthalate (DEHP), are widely used for medical devices as a result of their cost convenience and adaptability [4, 5] . Nevertheless, since these plasticizers are low-molecular substances and not covalently bonded to the polymer, they can leach from the matrix. The migration degree of the plasticizer from the plasticized PVC (PVC-P) medical devices into the fluids which come in contact with them depends on several factors, such as nature and amount of the plasticizer, type of the medium being stored in or moving through the medical devices (e.g., DEHP is leached by polysorbate 80, polyoxyethylated castor oil, cyclosporine, miconazole, chlordiazepoxide hydrochloride, and etopoxide), pH, surfactants, temperature and storage time of the device while in contact with medical solutions, manufacturing process etc. [6] [7] [8] [9] .
Several studies have reported that using DEHP as a plasticizer for PVC provides: (1) wide range of flexibility for PVC, (2) an increase of survival time of platelets, (3) low acute toxicity with intravenous (IV) or oral (po) administration, and (4) no specific toxicity in the human body [10] . Nevertheless, the last two characteristics are controversial issues. While some studies agree with these conclusions [3, 10] , some others notice the existence of DEHP or metabolites in the blood, urine, or tissues of patients following treatment with PVC medical devices, as a result of leaching processes, with possible serious medical complications for the patients (pulmonary insufficiency, pulmonary edema, testicular atrophy, liver cancer) [11] [12] [13] [14] [15] [16] [17] .
Another risk of using PVC-P medical devices in an inappropriate way concerns the interactions between DEHP and some substances (drugs, salts, etc.) that are contained in the fluids coming in contact with PVC-P [6, [18] [19] [20] [21] . Migration of drug (e.g., insulin, vitamin E, acetate diazepam, and nitroglycerin) into plastics may lead to the drug concentration going below the therapeutic level [22] .
At present, there are two important directions of research to solve the problem of human exposure to DEHP from PVC-P medical devices. The first direction concerns the replacement of PVC-P for medical use with polymers that are flexible without plasticizers (silicone rubber, polyurethane, etc.) [23] .
The second alternative focuses on limiting the leaching of plasticizer from PVC-P medical devices by: (1) coating PVC-P bags with hydrophilic polymers, (2) cross-linking PVC-P with peroxides during processing, (3) grafting hydrophilic monomers, such as polyethylene glycol for improving blood compatibility, and (4) using polymeric plasticizers instead of low molecular ones [9] . The last method is based on the fact that polymeric plasticizers present low volatility, high resistance to extract, and low migration at high temperatures [4, 5] .
Among the polymeric plasticizers that may be used for PVC intended for medical use, the aliphatic polyesters are of great interest [4, 5, 24, 25] , especially poly("-caprolactone) (PCL) [26, 27] .
The possibility of using PCL as a plasticizer for PVC was reported in the 1960s [28, 29] . The PVC-PCL blends are tougher, more extensible than those prepared with conventional plasticizers, with better drape, softness, and higher resistance to extraction by oil and water [26, 28, 29] .
The present study investigates the possibility of total/partial replacement of DEHP from PVC-P medical devices with PCL, to limit the human exposure to DEHP.
EXPERIMENTAL Materials
The following materials were used to obtain the different PVC-P compositions:
. 
Sample Preparation
Ten different blends were prepared as indicated in Table 1 . The thermal stability of the blends was improved by adding dibutyltin dilaurate, 1.5 parts in weight (parts wt.) for 100 parts wt. of PVC-plasticizer (either PCL, DEHP, or PCL-DEHP mixture).
The blends were obtained using a laboratory twin roll mill heated from 140 to 170 C, depending on the composition of the blends. The temperature of the cylinder was decreased by increasing the amount of liquid plasticizer. All blends were transformed into 1 and 6 mm plates by compression (preheating for 10 min, pressure for 5 min at 145-175 C, and 150 daN/cm 2 cooling under pressure), from which samples were obtained for further characterization.
Characterization Methods
The blends were characterized from the viewpoint of thermal and mechanical properties, plasticizer loss, and extraction behavior in different media.
The thermal properties were measured by both the differential scanning calorimetry (DSC) and the dynamic mechanical analysis (DMA). The thermal characteristics (i.e., glass transition temperature (T g ), melting temperature (T m ), melting enthalpy (ÁH m ), and heat capacity (ÁC p )) were determined by the DSC using a Perkin-Elmer 7 series thermal analysis system, in the temperature range of À100-100 C. Samples were studied at four different heating/cooling rates: 9, 16, 25, and 36 K/min. The T g was determined as the midpoint of the heat-capacity increase of the second heating process and T m as the endothermal peak in the DSC curve of the second heating process.
Dynamic mechanical analyses were carried out at a frequency of 1 Hz, in a dual-cantilever bending mode, using a Dynamisch-mechanischer Analysator RSA II, Rheometrics Version 4.4 (Rheometrics Europe GmbH). The runs were conducted at 2 C/min between À40 and 100 C. The analyses were run Table 1 . Compositions of PVC-P with PCL, DEHP, or PCL-DEHP mixtures and their thermal characteristics determined from DSC diagrams and by DMA. in tensile mode with samples of %40 Â 6 Â 1 mm 3 dimensions. The autostrain was set to 3% and the dynamic force was 25%. The curves displayed storage modulus (E 0 ), loss modulus (E 00 ), and loss tangent (tan ) versus temperature. The T g was taken to be the temperature for the maximum of the loss tangent curve.
The tensile behavior (stress-strain diagrams, tensile yield strength, tensile strength, elongation at break, and Young's modulus) of the samples was determined using a Zwick Z005 type tensile tester with a maximum speed of 3000 mm/min, and a power of maximum 5 kN, at 23 C with a relative humidity of 50% and a mobile clamp speed of 50 mm/min. All the samples were kept at the test temperature for 24 h. Ten samples of each blend were tested and average values were reported.
The plasticizer loss was measured according to ASTM D1203-1992 (Test  Method A, 70 C, 24 h, using activated carbon method). The resistance of PVC blends to extraction was analyzed according to ASTM F 619 1991, in the following media: physiological serum, Ringer solution, 10% glucose perfusions solution, and sanguine plasma, for 48 h, at 37 and 90 C, respectively on the disk samples of 1 mm thickness and 50 mm diameter.
RESULTS AND DISCUSSION

Thermal Characteristics
Differential scanning calorimetry is one of the most widely used techniques for determining the thermal characteristics (T g , T m , ÁC p , and ÁH m ) of polymers and polymer blends [30] . However, the studies have shown that the DSC values are influenced by several factors, the most important being the thermal history (heating or cooling) and the rate of heating/cooling [30] . To establish the influence of these two factors, Figure 1 and Table 2 present the DSC diagrams for PCL and the corresponding thermal characteristics.
During cooling cycles, after reaching the maximum temperature, the PCL sample was held at this temperature for 0.5 min. During the heating cycles, the holding time was at the minimum temperature for 3 min.
The analysis of the DSC diagrams ( Figure 1 ) shows that the PCL exhibits both T g and T m , a fact which confirms the semicrystalline structure of this polymer.
The data from Table 2 show that the T g and T m determined through the DSC diagrams depend on the thermal history and also on the heating/ cooling rate. It can be seen that the temperature that initiates the glass transition process (T g onset) and T g value decreases with the increasing rate of the DSC experiment. The temperature that initiates the melting process (T m onset) increases and T m decreases by lowering the rate of heating/ cooling. The characteristic temperatures (T g onset, T g , T m onset, and T m ) measured from the DSC diagrams upon heating exhibit higher values than the ones established during the cooling cycles.
The same influence of thermal history and heating/cooling rate from the DSC diagrams was also revealed for all the blends studied. To illustrate this observation, Table 3 presents the influence of the heating rate on T g .
Comparing the T g and T m values for PCL and PVC, as obtained from the DSC measurements in different conditions (PVC: T g ¼ 86.7 C; PCL: Thermal characteristics for all the analyzed blends are presented in Table 1 . The results show that adding PCL in PVC compositions induces a decrease of T g onset and T g values (Samples 1-6), which is proof that the PCL acts as a macromolecular plasticizer for the PVC. In addition, it can be observed that the PVC blends with 40 and 50 parts wt. macromolecular plasticizer (Samples 5 and 6), and respectively, exhibit a melting point, quite close to the T m value of PCL, indicating that these PVC-PCL blends contain distinct PCL crystalline regions. All these observations demonstrate that the PVC-PCL blends with <40 parts wt. PCL are homogenous, and after this value they became biphasic. The biphasic blends contain a PVC-PCL amorphous phase and a crystalline phase due exclusively to PCL. This biphasic morphology corresponding to PVC-PCL blends with >40 parts wt. PCL was also reported by other research studies [27] . The data from Table 1 show that adding PCL in PVC compositions induces an important decrease of ÁC p during the glass transition process, despite the fact that the amount of PCL has no significant effect on ÁC p values.
In the case of the PVC-PCL blends presenting a melting point (Samples 5 and 6), ÁH m increases with increasing amount of PCL; this corresponds to the increase of the crystalline fraction by adding a higher quantity of PCL in the PVC.
Gradually replacing the PCL from the PVC-PCL blends containing 40 parts wt. plasticizer (Samples 7-10) with DEHP results in a decrease of T g . Lowering T g turns out to be more significant as the quantity of DEHP becomes larger. The DSC diagrams for the PVC-PCL-DEHP blends do not exhibit a melting point, a fact which indicates that these ternary systems present a single-phase structure.
In addition to the DSC, the DMA is also a very important method to measure T g for polymers and polymer blends [30] . The DMA performed on the PVC-based blends evidences that adding PCL and/or DEHP in PVC induces a decrease of T g values (Table 1, Figure 3 ). It can be noticed that Figure 2 . DSC diagrams for unplasticized PVC, PCL and four different PVC-P compositions (Samples 5, 6, 9, and 10, respectively, from Table 1 ).
increasing the amount of plasticizer in PVC produces a continuous decrease of T g . An exception to this rule is given by the PVC-PCL blend with 50 parts wt. PCL, which was found to exhibit a higher value of T g (Sample 6). Gradually replacing the PCL with DEHP from the PVC-PCL blends containing 40 parts wt. plasticizer results in a significant decrease of T g (Samples 7-10).
Considering the DMA diagrams that show the storage modulus as a function of temperature (Figure 4 ) it can be seen that adding plasticizers (either PCL, DEHP, or PCL-DEHP mixture) in PVC dramatically changes their mechanical characteristics, by passing from brittle to tough plastics. It is important to observe that the curve for the PVC-PCL blend with Figure 4 . Plot of storage modulus vs temperature for unplasticized PVC and our PVC-P compositions (the diagrams numbers correspond to the compositions numbers from Table 1 ). Figure 3 . Plot of tan vs temperature for unplasticized PVC and our PVC-P compositions (the diagrams numbers correspond to the compositions numbers from Table 1 ).
40 parts wt. PCL presents the same shape as the one for the PVC-DEHP system with the same amount of plasticizer. Therefore, we can conclude that using PCL as a plasticizer has a similar effect as using DEHP as a plasticizer for PVC-P.
Mechanical Characteristics
Analyzing the stress-strain diagrams corresponding to the most significant PVC blends prepared, it can be observed that adding PCL in PVC in different quantities change the mechanical behavior of these blends ( Figure 5) .
Unplasticized PVC and PVC-PCL blend with 10 parts wt. PCL (diagrams 1 and 2 from Figure 5 ) behave like brittle plastics, in contrast with the blend containing 40 parts wt. PCL (diagram 5 from Figure 5 ), which is already a tough plastic that does not exhibit a yield point. While replacing the PCL with DEHP, the shape of stress-strain diagrams does not change. Moreover, the shape remains unchanged for all the PVC blends containing 40 parts wt. plasticizer, regardless of the plasticizer type (PCL, PCL-DEHP blend, or DEHP). This sustains the idea that the PCL acts as a plasticizer for PVC, confirming the conclusion given by analyzing the storage modulus-temperature diagrams (Figure 4 ). Table 1 ).
The mechanical characteristics studied (tensile yield strength, tensile strength, Young's modulus, and hardness) decrease while incorporating the PCL in PVC and this behavior is accentuated while increasing the amount of PCL (Table 4, Figure 6 ). An exception is the elongation at break that Figure 6 . Influence of PCL fraction on tensile strength (1), Young's modulus (2) , and elongation at break (3) of PVC-PCL blends. increases while increasing the proportion of PCL in the blends. Gradually replacing the PCL with DEHP results in a decrease of tensile yield strength and tensile strength, Young's modulus and hardness, but does not influence the elongation at break significantly. Another exception to the general trend is the PVC-PCL blend with 50 parts wt. PCL, which presents a stress-strain diagram typical for the polymeric materials that exhibit a yield point ( Figure 5) . Moreover, Young's modulus of this blend is higher than that of the PVC-PCL blend with 40 parts wt. PCL (Table 4 ). This special behavior of the PVC-PCL blend with 50 parts wt. PCL is due to its biphasic structure (as revealed by thermal characterization), the amorphous part of PCL acting as a plasticizer for the PVC and the crystalline PCL behaving as a reinforcement agent [26] , and that explains the higher value obtained for Young's modulus.
Plasticizer Loss and Extraction Behavior in Different Media
The results concerning the plasticizer loss from the PVC-P compositions and their resistance to extraction at different temperatures in different media are presented in Table 5 . It can be seen that the loss of plasticizer from the PVC-PCL blends is negligible, even if a small increase of this value may be noticed while increasing the amount of PCL in the blends. By gradually replacing the macromolecular plasticizer (PCL) with the low-molecular one (DEHP) a major increase in plasticizer loss was detected (from 0.015% for PVC-P with 40 parts wt. PCL to 0.642% for the PVC-P plasticized with 30 parts wt. PCL and 10 parts wt. DEHP), the plasticizer loss increases while increasing the amount of DEHP in the blends.
The extraction experiments, irrespective of the extraction media or conditions used, indicate that adding PCL in PVC compositions induces a slight increase of the weight loss values, as compared with the unplasticized PVC (Table 5) . By increasing the PCL fraction in the PVC-PCL blends, the weight loss values increased too, but still in a limited domain (maximum 0.51% for 50 parts wt. PCL blend). The highest values for weight losses at 37 C were found while using Ringer solution and sanguine plasma as the extraction media.
Comparing the weight loss for all the PVC compositions with 40 parts wt. plasticizer, it can be seen that greater the DEHP fraction in the blends, greater is the weight losses by extraction.
Increasing the temperature from 37 to 90 C determines a considerable increase of the weight loss values measured by the extraction. At 90 C, the highest weight loss by extraction can be seen for the PVC compositions containing 40 parts wt. of either DEHP or PCL-DEHP mixture 25/75. To demonstrate the advantages of using PCL or PCL-DEHP mixture as plasticizers for PVC medical devices, the results are compared with the data from the literature, which refer to conventional PVC-P medical devices (Table 6) .
First comparison concerns the mechanical properties of different PVC-P compositions, such as the tensile strength and Young's modulus. The use of PCL for plasticizing PVC provides an improvement of these two mechanical characteristics, in comparison with the PVC-P containing classical lowmolecular plasticizers, such as DEHP, trioctyl trimellitate (TOTM), dioctyl adipate (DOA). Gradually replacing the PCL with DEHP decreases these mechanical characteristics, up to values comparable to those for the PVC-DEHP compositions. On the contrary, the nature of plasticizer does not influence the elongation at break significantly, the data for PVC-P with PCL, DEHP, or PCL-DEHP mixtures are close to the data mentioned in the literature [31] .
Shore A hardness of the PVC-PCL blends is higher compared to those of the traditional PVC-P compositions, using low molecular plasticizers. While replacing partially PCL with DEHP, the hardness values become comparable with those of the PVC plasticized with low molecular plasticizers.
Another important comparison element is the plasticizer loss and the weight loss by extraction in different media and once again it may be observed that the PVC plasticized only with PCL presents a better resistance to extraction and loses a much lower amount of plasticizer, compared to the data presented in the literature for PVC plasticized with DEHP, TOTM, or DOA. Even partially replacing DEHP from the traditional PVC-P with PCL induces a decrease of plasticizer loss by migration or extraction, the mechanical properties are only slightly affected. Consequently, the disadvantages induced by the use of DEHP as a plasticizer for PVC medical devices can be totally or at least partially eliminated.
CONCLUSIONS
The aim of this study was to investigate the possibility of partial/total replacement of DEHP (low molecular plasticizer) from PVC medical devices, with PCL (biodegradable, biocompatible, and macromolecular plasticizer). Thermal and mechanical properties, the plasticizer loss, and extraction behavior in different medical media, of different PVC compositions plasticized with PCL and PCL-DEHP mixture were analyzed and compared with the data from the literature. The results suggest that PCL and even the PCL-DEHP mixture behave as better plasticizers for PVC, providing a lower extraction risk and similar or even improved thermal and mechanical properties. 
